Comparative microevolutionary studies of multiple parasites occurring on a single host species can help shed light on the processes underlying parasite diversification. We compared the phylogeographical histories, population genetic structures and population divergence times of three co-distributed and phylogenetically independent ectoparasitic insect species, including an amblyceran and an ischnoceran louse (Insecta: Phthiraptera), a hippoboscid fly (Insecta: Diptera) and their endemic avian host in the Galápagos Islands. The Galápagos hawk (Aves: Falconiformes: Buteo galapagoensis) is a recently arrived endemic lineage in the Galápagos Islands and its island populations are diverging evolutionarily. Each parasite species differed in relative dispersal ability and distribution within the host populations, which allowed us to make predictions about their degree of population genetic structure and whether they tracked host gene flow and colonization history among islands. To control for DNA region in comparisons across these phylogenetically distant taxa, we sequenced ~1 kb of homologous mitochondrial DNA from samples collected from all island populations of the host. Remarkably, the host was invariant across mitochondrial regions that were comparatively variable in each of the parasite species, to degrees consistent with differences in their natural histories. Differences in these natural history traits were predictably correlated with the evolutionary trajectories of each parasite species, including rates of interisland gene flow and tracking of hosts by parasites. Congruence between the population structures of the ischnoceran louse and the host suggests that the ischnoceran may yield insight into the cryptic evolutionary history of its endangered host, potentially aiding in its conservation management.
Introduction
Evolutionary biologists studying parasites have focused on macroevolutionary patterns and reconciling host and parasite phylogenies (Page 2003) . However, the mechanisms of parasite diversification are less well known (Funk et al. 2000; Rannala & Michalakis 2003; Poulin 2006 ) and remain controversial (Huyse et al. 2005; Giraud 2006 ). Variation in natural history traits and geographical distributions are predicted to underpin parasite microevolution, coevolutionary processes, and ultimately speciation, yet few studies exist at this scale (Price 1980; Nadler 1995; Criscione et al. 2005; Huyse et al. 2005) .
Taxonomically and geographically limited studies are potentially useful for microevolutionary studies of parasites (Hafner et al. 2003) . Specifically, comparative studies of multiple, co-occurring parasite species on a single host could be particularly illuminating (Nadler 1995) . This oceanic islands are useful for studying host-parasite interactions because the faunas are simplified relative to mainland faunas (e.g. Perkins 2001; Whiteman et al. 2004) .
The Galápagos hawk (Buteo galapagoensis) is the only resident falconiform and top diurnal predator within the terrestrial ecosystem of the Galápagos Islands (de Vries 1975) . As a soaring raptor, it avoids flying over large bodies of water (Fuller et al. 1998 ) and its eight extant island breeding populations are genetically and morphologically distinct (Bollmer et al. 2003 (Bollmer et al. , 2005 (Bollmer et al. , 2006 . A population genetic study using nuclear variable number of tandem repeats (VNTRs; Gilbert et al. 1990 ) indicated interisland F ST values were extremely high (Bollmer et al. 2005) . Interisland gene flow was rare and depended on geographical distance between islands, setting the stage for co-differentiation of the hawk's parasites and the potential for local co-adaptation of parasites (Whiteman et al. 2006a) . Mitochondrial DNA (mtDNA) sequence data revealed low variation within and high differentiation across the hawk's island populations (Bollmer et al. 2006) , consistent with the VNTR data (Bollmer et al. 2005) . The Galápagos hawk is estimated to have diverged from a common ancestor with Swainson's hawk (Buteo swainsoni) 126 000 years ago (95% confidence interval 51 000-254 000 years ago; Bollmer et al. 2006) . Notably, all ectoparasite species found on the Galápagos hawk are also found on the Swainson's hawk (Price et al. 2003) . Thus, the ectoparasites currently residing on the Galápagos hawk were likely brought to the archipelago from the mainland source population (Bollmer et al. 2006) . Here, we asked how three relatively phylogenetically unrelated ectoparasite lineages of the Galápagos hawk have responded to the genetic isolation of their only known host in the Galápagos Islands.
We sampled each of the three ectoparasite species across the entire breeding range of B. galapagoensis. The three parasite species are phylogenetically independent and have not shared a common ancestor for millennia. Each has been reported exclusively from B. galapagoensis within the Galápagos (Clay 1958; Price & Beer 1963; de Vries 1975; Price et al. 2003) . We gathered data on those natural history traits that are hypothesized to shape parasite microevolution (Nadler 1995; Clayton et al. 2004; Huyse et al. 2005) (Table 1) . Parasites with relatively poor dispersal abilities, vertical transmission, aggregated distributions among hosts, short generation times, high host specificity and small infrapopulation sizes are expected to exhibit relatively high population genetic structure. Parasites with good dispersal abilities, horizontal transmission, uniform distributions among hosts, long generation times, low host specificity and large population sizes are expected to exhibit relatively low population genetic structure (Huyse et al. 2005) . Clayton et al. (2004) found that many of the traits that increase population genetic structure listed above are also found in parasite lineages typified by co-speciation with their hosts. Table 1 Natural history traits predicted to shape the population structure of three parasite species from 199 Galápagos hawks followed by expected effects of each trait on: (1) parasite population genetic structure among islands, and (2) strength of the relationship between host and parasite population genetic structure. Data from all islands were pooled within each species to illustrate interspecific differences in these factors. The following parameters were calculated in Quantitative Parasitology 3.0 (Reiczigel & Rózsa 2001) : prevalence, total number of infected birds/total number of birds sampled; mean abundance, total number of parasite individuals collected/total number of birds sampled; mean intensity, total number of parasite individuals collected/total number of infected birds sampled; the exponent k was calculated following Krebs (1989) and is inversely related to the level of parasite aggregation in the bird component population. Sources for predictions: Clay (1958) , Maa (1963); (1969) ; Price & Beer (1963); Nadler (1995) ; Price et al. (2003) ; Clayton et al. (2004) ; Whiteman & Parker (2004a, b) ; Huyse et al. (2005) We used all available information to give each parasite species trait values for some of the most important factors believed to shape parasite population structure and degree of tracking of host population structure (Table 1) . The parasites included two species of lice (Insecta: Phthiraptera), Colpocephalum turbinatum (Amblycera: Menoponidae) and Degeeriella regalis (Ischnocera: Philopteridae). Amblyceran and ischnoceran lice are independently derived from free-living ancestors within the Psocoptera ; members of the two clades are generally distinct in several natural history traits, including overall dispersal ability (Marshall 1981) . Transmission between host individuals is thought to be primarily vertical between parents and offspring during brooding in D. regalis, while C. turbinatum primarily transmits horizontally. Within B. galapagoensis populations, the distributions of C. turbinatum and D. regalis correspond to basic differences in natural history (Table 1; Whiteman & Parker 2004a, b; Whiteman et al. 2006a ; see Fig. S1 , Supplementary material). We also sampled a species of lousefly (Diptera: Hippoboscidae), Icosta nigra. The natural history of I. nigra is less well known, but it is volant and highly vagile and, like C. turbinatum, is found on a number of falconiform hosts on the mainland (Maa 1969) . In an important distinction from many lice, hippoboscids have extremely low fecundity (Corbet 1956 ). Although it is likely that each parasite is restricted to B. galapagoensis in the Galápagos Islands (all species are therefore specialists), overall host specificity is generally inversely related to dispersal abilities or ability to establish on new hosts (Clayton et al. 2004) . Thus, differences in host specificity among these parasite species can be viewed as approximate indicators of dispersal or establishment abilities within a host species and the ecological data we collected corroborate this. In light of variation across the three parasite species in these natural history factors (see Table 1 for specific predictions for each trait), we predicted that D. regalis would have the highest degree of population genetic structure, followed by C. turbinatum and I. nigra. Due to the prevalence of vertical transmission, we also predicted that only D. regalis would track the host's pattern of population genetic structure across islands including interisland population divergence times. On the other hand, C. turbinatum and I. nigra are more likely to be transmitted among unrelated hawk individuals (horizontal transmission). Thus, we predicted that these species would not track host population structure or population divergence times as tightly. We also suggest that the microevolutionary history of the three parasites may be used to create a hypothesis of the host's evolutionary history in the archipelago Kaliszewska et al. 2005; Nieberding & Olivieri 2007) because the host's low mitochondrial variation precludes such inferences and the rate of substitution in the parasite exceeds the host's (Hafner et al. 1994; Page et al. 1998) .
Materials and methods

Field methods
We quantitatively sampled ectoparasites from 199 Galápagos hawk individuals across their entire eight island breeding range (Fig. 1A) and from an immature (vagrant) Galápagos hawk in captivity on Santa Cruz, within the Galápagos National Park, Ecuador, between 2001 and 2003 (Table 1 ). Sampling methods are described elsewhere (Whiteman & Parker 2004a , 2004b Whiteman et al. 2006a) . Prevalence and average abundance were compared between parasite species using Quantitative Parasitology 3.0 (Reiczigel & Rózsa 2001) . A small blood sample was removed from each host for DNA analysis and stored in lysis buffer (Bollmer et al. 2005) . In all cases, birds were released unharmed after sampling.
Molecular genetics
We used the voucher method (Cruickshank et al. 2001) to extract DNA from individual lice (see Whiteman et al. 2006b) and Icosta nigra flies (using two legs from each individual) at the University of Missouri-St Louis. DNA extractions from hawks are described elsewhere (Bollmer et al. 2005 (Bollmer et al. , 2006 .
We sequenced homologous regions of mtDNA in all four species (Table 2) . However, hawks were invariant at these regions and we also relied on previously published host data sets, including the nuclear multilocus VNTR data set (Bollmer et al. 2005 ) and a variable mtDNA data set (Bollmer et al. 2006) for comparative analyses.
Parasite
For each of the three parasite species, only a single parasite was genotyped from a single host individual ( Table 2 ). The primer pair LCO1490 and HCO2198 was used to amplify through polymerase chain reaction (PCR) and sequence part of the mitochondrial gene cytochrome c oxidase subunit I (COI, near the 5′ end; Folmer et al. 1994) following Whiteman et al. (2006b) . We also amplified and sequenced a fragment of 12S mitochondrial ribosomal RNA from the same samples using the primer pair 12SAI and 12SBI (Simon et al. 1994) following Whiteman et al. (2006b) . Direct sequencing of both strands was performed on Applied Biosystems 3730xl DNA Analysers (Applied Biosystems) by Macrogen or on an Applied Biosystems 377 DNA Analyser at the University of Missouri-St Louis.
Host
Amplification and sequencing of the 5′ COI fragment from Galápagos hawks is described elsewhere (Bollmer et al. 2006) . The 12S primers used were L1753 and H2294 from Sorenson et al. (1999) . Single-stranded sequences from hawks were obtained using ABI BigDye Terminator version 3.1 and an ABI PRISM 3100-Avant genetic analyser (PE Applied Biosystems; University of Florida). A subset of individuals was sequenced in both directions.
Phylogeographical, population genetic, and coalescent analyses
Raw sequence chromatograms of forward and reverse strands were evaluated by eye and assembled for each amplicon in Seqman II (DNASTAR). Consensus sequences were aligned in the se-al program (Rambaut 1996) or in clustal_x program (Thompson et al. 1997) . We examined the original chromatograms to ensure that variable sites were unambiguously assigned. Sequences have been deposited in GenBank: Degeeriella regalis (DQ490701-DQ490720), Colpocephalum turbinatum (EF201985-EF202000) and I. nigra (EF2020001-EF202006). Buteo galapagoensis accession numbers were AY870866 and DQ485965. Haplotypes refer to combined COI + 12S sequences.
We were interested in understanding how haplotypes within each species were related (temporal information) and how these haplotypes were distributed across the archipelago (spatial information). While traditional Fstatistics (Wright 1951) yield useful information on variation in allele frequencies within and between populations, these summary statistics do not yield genealogical information (gene genealogies). Statistical parsimony networks are particularly useful for inferring and visualizing genealogical relationships among DNA sequences that have diverged recently. While phylogenetic analysis assumes that ancestors are extinct, statistical parsimony network analysis does not, and frequently ancestral (interior) haplotypes are extant. Tip (outer) haplotypes are interpreted as being younger than (and possibly derived from) interior haplotypes (Castelloe & Templeton 1994) . Four 95% statistical parsimony haplotype networks were constructed using tcs 1.8 (Clement et al. 2000) for the combined COI + 12S data set from each parasite species and the variable mtDNA data set (Bollmer et al. 2006 ) from B. galapagoensis. This algorithm also allows inference of potentially the oldest haplotype based on positional and frequency data. Because the gene regions were both mitochondrial and are assumed to be in complete linkage disequilibrium (cf. Gatenbein et al. 2005) and separate analyses for each gene region were consistent with the combined data set (but yielded less information separately than in the combined analysis), we chose to display networks and perform most subsequent population genetic analyses using the combined data set.
We calculated standard population genetic parameters (Table 3) for COI and 12S (and combined data set) in dnasp (Rozas & Rozas 1999) . For each parasite species, arlequin 2.01 (Schneider et al. 2000) was used to partition genetic variance components among and within-island populations using analysis of molecular variance (amova; Excoffier et al. 1992 ) and compare associated Φ ST values among species. This F ST analogue Φ ST is equal to the ratio of the genetic variance component due to differences among populations over the estimated total variance within the species for each species (Excoffier et al. 1992) . The significance of co-variance components was tested using nonparametric permutation procedures in arlequin 2.01. We also calculated interisland F ST values (the proportion of genetic variation in the total population due to differences between subpopulations) in arlequin 2.01, using Kimura 2-parameter genetic distances. The significance of F ST values was tested by permuting haplotypes between populations in arlequin 2.01. Host VNTR F ST values were obtained from Bollmer et al. (2005) , which included individual hosts of parasites sequenced in the present study. We did not use pairwise F ST values from the host mtDNA, because values were typically either 0 or 1, reflecting the extremely low mtDNA diversity. We tested for isolation by distance (Rousset 1997) in each parasite by using a Mantel (1967) test in arlequin 2.01 with 10 000 permutations. In our largest data sets, we made 28 interisland comparisons. To account for the statistical effects of multiple comparisons, we reduced the alpha level to 0.002 for these and similar analyses described below (Rice 1989) . To determine if parasites were tracking host interisland gene flow, we used a Mantel test in arlequin to compare the interisland F ST matrix of each parasite species to a matrix of the host's interisland VNTR F ST values. We also used partial Mantel Historical variation in population size should be correlated if the host and parasite population histories are tightly linked. Island area and within-island population nuclear genetic diversity (from VNTRs) were directly related in the host (Bollmer et al. 2005) . Thus, we used a Pearson's correlation procedure in spss version 12.0 to determine if the island-level nuclear genetic diversity of the host (using VNTR heterozygosity values from Whiteman et al. 2006a ) and genetic diversity values from each parasites species (haplotype diversity, nucleotide diversity and θ, estimated using dnasp) across each island were correlated across the archipelago.
The haplotype networks indicated that haplotypes were often found on multiple islands. This may be explained by the presence of recent gene flow among islands or retained ancestral haplotypes (polymorphisms) on multiple islands. To differentiate between incomplete lineage sorting (retained ancestral polymorphisms) and interisland gene flow and to complement our analyses above, we used the Markov chain Monte Carlo coalescent modelling program mdiv (Nielsen & Wakeley 2001) , which estimates maximumlikelihood population sizes (θ = theta = 2N ef µ), migration rates between populations (N ef m), and a population divergence time parameter (T = t/N ef ), using the combined mtDNA data sets for each of the parasites and the variable mtDNA data set for the host (Bollmer et al. 2006) . Because rates of gene flow and divergence times between populations covary, this method calculates the posterior probability of each parameter given the gene genealogy. Relative divergence times were calculated by taking the product of the divergence time parameter and θ to control for differences in population size. Insertions and deletions in the 12S regions were coded transversions because mdiv does not allow consideration of gaps (Barrowclough et al. 2005) . We used the finite sites Hasegawa-Kishino-Yano (HKY) substitution model and a priori maxima were set for M and T, with M max = 5 or 10, and T max = 10. These values were chosen because the host showed high genetic differentiation across its range and the arrival of the hawk in the archipelago was < 300 000 years before present (Bollmer et al. 2006) . Pairwise, interisland θ values (per sequence) were estimated in mdiv from the data. Simulations were run twice (with different random seeds) for each pairwise comparison, with 2 000 000 generations and a 500 000-generation burn in. The parameter values corresponding to the modes of the likelihood distributions were the point estimates for each parameter (θ, M, and T ). We did not convert the time estimates to years before present because there are no published estimates of ischnoceran, amblyceran or hippoboscid mtDNA substitution rates. Nonetheless, the divergence dates (the product of θ and T) remain inferential tools in a relative context. Because we were also interested in determining if each parasite species co-diverged with the host across islands during colonization in the Galápagos, we used Mantel tests (with 10 000 permutations in arlequin 2.01) to determine if divergence times of host and each of the parasite species were related to interisland geographical distances and whether the relative host and parasite divergence times were correlated. As above, we used partial Mantel tests to hold either host population divergence times or geographical distance matrices constant. We used nonparametric Kendall's W-test in spss version 12.0 to compare the magnitudes of interisland gene flow values across the three parasites.
Results
Parasite collections and distributions
We collected a total of 14 843 individuals of the louse Colpocephalum turbinatum and 2858 individuals of the louse Degeeriella regalis from 199 Galápagos hawks across all eight host populations. We collected 296 Icosta nigra individuals from seven host populations (no flies were recovered from Isla Marchena despite sampling about one-fourth of this hawk population; Bollmer et al. 2005) . We also found lice of both species from two nestling hawks near fledgingage on Isla Fernandina, indicating that both louse species undergo vertical transmission (Whiteman & Parker 2004a) . The basic quantitative descriptors of parasite load from each island population are given in Table 1 . Notably, C. turbinatum was significantly more prevalent, abundant, and was more evenly distributed within the hawks than D. regalis (all P < 0.001). Because I. nigra abundance values were difficult to quantify, we only present prevalence values. I. nigra was highly prevalent in all hawk populations where present, though abundance values were low relative to lice, consistent with Maa's (1969) observation.
Phylogeographical, population genetics, and coalescent analyses
Approximately 1 kb of mtDNA sequences (COI + 12S) was obtained from 111 D. regalis individuals (eight populations +1 from the juvenile Santa Cruz bird), 127 C. turbinatum individuals (eight populations) and 117 I. nigra individuals (seven populations) (Table 2) from the 199 hawks sampled. The 81 host individuals sequenced at both loci (from the 199 sampled) did not harbour any genetic variability within-or across-island populations ( Table 2 ).
The mtDNA network from the host (Fig. 1B) reveals some population subdivision with respect to geography (all individuals in four island populations were fixed), but a much higher degree of population subdivision correlated with geography is apparent in D. regalis and C. turbinatum mtDNA networks (Fig. 1C,D) . The I. nigra network was similar to the host in this respect (Fig. 1E ) and variation within I. nigra sequences was low. For D. regalis, the Española population was the most highly differentiated from the others (Fig. 1C) , which was also the case for the host ( Fig. 1B ; Bollmer et al. 2006) . Moreover, the five most inbred and smallest island populations of hawks (Española, Marchena, Pinta, Pinzón, and Santa Fe) harboured highly differentiated and unique D. regalis mtDNA haplogroups. Each parasite species harboured island-exclusive (private) haplotypes, with the largest number in D. regalis (17 in all eight island populations), followed by C. turbinatum (12 in five island populations), I. nigra (three in three island populations) and the host (none in the homologous mtDNA sequence data set and four in three island populations in the variable (expanded) mtDNA data set from Bollmer et al. 2006) .
Degeeriella regalis sequences were the most variable followed by C. turbinatum and I. nigra (Table 3 ). The total number of polymorphic (segregating) sites was very similar in the two louse species, and very low overall in the lousefly (Table 3) . Populations of each parasite species showed significant genetic differentiation across islands. amova results ( (Table 5 ); no significant relationship was found for the other two parasites. However, the relationship between each of the other two parasites' interisland F ST values and host VNTR F ST values was positive and approached significance (P = 0.09 in both cases) while holding geographical distance constant.
The host's nuclear genetic diversity (island-level heterozygosity from VNTRs reported in Whiteman et al. 2006a) was significantly related to island-level mtDNA nucleotide diversity (R = 0.758, P < 0.05) and mtDNA θ-W (R = 0.724, P < 0.05) in D. regalis but not in C. turbinatum (R = -0.082, P > 0.05; R = -0.214, P > 0.05) or I. nigra (R = -0.326, P > 0.05; R = -0.100, P > 0.05). Mitochondrial DNA haplotype diversity and host heterozygosity were unrelated in each parasite species (D. regalis: R = 0.554, P > 0.05; C. turbinatum: R = -0.239, P > 0.05; I. nigra: R = -0.322, P > 0.05).
A positive correlation between interisland divergence time values (reported as the product of T div and θ between each population) and interisland geographical distance was found for D. regalis and the host (R = 0.63; P = 0.07), but not for C. turbinatum or I. nigra (Table 5) . A positive correlation between parasite and host interisland population divergence time values was found for D. regalis, but not for C. turbinatum or I. nigra (Table 5 ; Fig. 1A-C) . The results of the partial Mantel tests were in accord with the Mantel tests and indicate that variation in D. regalis population divergence time values were independently and positively related 
Discussion
Patterns of genetic isolation across parasite species
Population genetic and phylogeographical studies of cooccurring parasites and their common hosts shed light on the processes underlying parasite diversification (Nadler 1995; Huyse et al. 2005) . Although similar patterns of genetic isolation are expected in species with similar natural histories (e.g. Barber et al. 2006) , a community genetics approach also allows insight into how divergence in natural history traits shape microevolutionary processes of co-occurring species (Criscione & Blouin 2004) . In this study, the degree of population genetic, phylogeographical structure and co-divergence with the host varied for each parasite species in ways that were predicted by the parasites' ecology. Degeeriella regalis harboured the most genetic variation overall, was the most structured and divergent among islands and had the lowest levels of gene flow among islands, followed by Colpocephalum turbinatum, and Icosta nigra. Notably, the host was completely invariant at two mitochondrial regions that were comparatively variable in each of the parasite species. While D. regalis average abundances were significantly lower than C. turbinatum, the overall θ values were higher for D. regalis, reflecting the fact that effective population size across populations should increase with increasing genetic differentiation. Because D. regalis infrapopulations are, on average, smaller than those of C. turbinatum and prevalence of C. turbinatum is higher than those of D. regalis, the effects of genetic drift are likely to be stronger in D. regalis at these mitochondrial loci. The amount of D. regalis gene flow among islands (in the form of F ST values) was positively correlated with the nuclear gene flow of the host (using VNTR F ST values), while this correlation was weaker for C. turbinatum and absent for I. nigra. These patterns are consistent with the fact that dispersal between host individuals is lowest for D. regalis, higher for C. turbinatum and highest for the volant I. nigra. The coalescent estimates of relative divergence times of D. regalis and the host's island populations were each correlated with distance. These divergence time estimates were also positively related between D. regalis and the host (independent of the relationship with geographical distance), suggesting that D. regalis tracked the host's genealogical history in the archipelago, a hypothesis that fits well with its largely vertical mode of transmission (Whiteman & Parker 2004a) . Congruence in both population connectivity and genealogical history (temporal congruence) between D. regalis and its host also suggests that the two taxa responded similarly to shared biogeographical events (Cunningham & Collins 1994 ) that took place within that last 250 000 years (based on the split between Galápagos and Swainson's hawks). The evolutionary history of D. regalis within the archipelago is likely to be dependent on both host gene flow and colonization history to a greater degree than the two other parasites. These findings illuminate the potential importance of association by descent (or vertical transmission across host individuals, populations, lineages or species ; Brooks 1979; Page 2003; for D. regalis) and association by colonization (or horizontal transmission across host individuals, populations, lineages or species; C. turbinatum and I. nigra) in driving macroevolutionary patterns of parasite diversification (Hoberg et al. 1997) . Current coalescent methods (including mdiv) permit joint estimation of migration rates and population divergence times only between two populations. In this eight-island host-parasite system, several island populations of each species are likely exchanging migrants. It is possible that the strong pattern of isolation by distance found for D. regalis and B. galapagoensis may have biased the estimates of population divergence times leading to the positive relationship between pairwise interisland divergence times of D. regalis and B. galapagoensis. High levels of migration among populations may render estimation of divergence times between two populations difficult (Wakeley 2000) . However, several studies with similar findings (multiple populations exchanging migrants and strong isolation by distance) have shown that jointly estimated divergence times were reasonable and consistent with independent information (Smith & Farrell 2005; Steeves et al. 2005) . Because the coalescent estimates used only a single, nonrecombining marker, the results should be interpreted with caution until more markers and coalescent methods allowing for simultaneous comparisons of multiple populations become available.
Incipient allopatric speciation, hypothesized to play an important role in parasite diversification (Clay 1949; Huyse et al. 2005 ) may be occurring in D. regalis and C. turbinatum within the Galápagos. Population differentiation in amblyceran (Barker et al. 1991a, b) and ischnoceran lice (Nadler et al. 1990; Lymbery & Dadour 1999) has been described previously although not explicitly in relation to host population genetic structure. Despite their very different natural histories from ischnocerans, there was an effect of host population subdivision on the population genetic structure of C. turbinatum, although this was not strongly related to host gene flow or isolation by distance. The larger population size of C. turbinatum relative to D. regalis may be one factor that increases coalescence time even though the latter may be tracking host gene flow (Rannala & Michalakis 2003) . Variation in mtDNA within D. regalis island populations was positively correlated with the host's nuclear diversity, suggesting that population histories of the two species may be linked. These findings are also consistent with the hypothesis that some characteristics of the 'island syndrome' extend to ectoparasites as well as endoparasites (Nieberding et al. 2006) .
The I. nigra population within Galápagos harboured relatively low mitochondrial variation. Although there was significant differentiation among its populations, the coalescent modelling showed that gene flow was highest for I. nigra among the three parasite species. A similar pattern of low diversity and weak population differentiation was observed in the related tsetse fly (Glossina pallidipes) in Africa (Gooding & Krafsur 2005) , which underwent a severe and recent population bottleneck (Krafsur 2002) . Population sizes of I. nigra are also much smaller than those of the two louse species. Finally, differences in substitution rate may also underlie the low overall variation observed in the flies. Ischnoceran and amblyceran lice have accelerated rates of mitochondrial evolution relative to other Psocoptera (Yoshizawa & Johnson 2003) , whereas parasitic flies tend not to have an accelerated rate of mitochondrial evolution relative to nonparasitic flies (Castro et al. 2002) .
Host-parasite studies at the macroevolutionary scale have advanced biomedical and evolutionary research by providing a robust statistical framework for studying parallel evolutionary histories of distantly related taxa over vast expanses of time. Nonetheless, such studies may not reveal the processes that created the patterns. This comparative host-parasite co-evolutionary study adds to the growing body of evidence that parasite natural history and epidemiological parameters are key in mediating this process (Johnson et al. 2002; Criscione & Blouin 2004) .
Implications for conservation management
The observed pattern of local differentiation within and recurrent gene flow between populations may facilitate local adaptation by these ectoparasites (Gandon et al. 1996) . Host races of parasites may have formed in the same populations where the host exhibited low genetic diversity and weak innate immune responses (Whiteman et al. 2006a) . The level of parasite gene flow among genetically structured parasite populations is directly related to the ability of the parasites to adapt locally to hosts (Lively 1999; Morgan et al. 2005) and the introduction of novel parasite alleles into the smallest hawk populations may increase parasite virulence. We recommend against moving hawk individuals among islands that currently harbour hawk populations. Future studies should examine the breeding systems of these ectoparasites, including fine-scale parasite gene flow within and between members of hawk social groups (Whiteman & Parker 2004a; Leo et al. 2005) .
The smallest and most inbred hawk populations also harboured highly differentiated D. regalis populations and, like the host, D. regalis exhibits isolation by distance between islands. This reinforces the interpretation based on nuclear VNTRs from the hawk that the smallest of the hawk's island populations are on relatively independent evolutionary trajectories (Bollmer et al. 2005) . The mtDNA data set from this parasite was more variable than the host's, and its mitochondrial gene flow was correlated with the host's nuclear gene flow and mtDNA-based population divergence times (where detectable in the host data set) while controlling for isolation by distance between islands. Thus, D. regalis is a good candidate for use as a proxy (Nieberding & Olivieri 2007) conservation genetics tool in understanding the host's recent evolutionary history. While the hawks of Marchena, Pinta, Santa Fe and Santiago shared a single mitochondrial haplotype, there are clear genealogical relationships among-island populations in the D. regalis data set that may be used to generate a hypothesis of the host's phylogeographical history that does not contradict information derived directly from the host. The island populations of Marchena and Santa Fe appear to be very closely related and these two populations are in turn relatively closely related to the Pinta population. The island populations of Santiago, Isabela and Fernandina are closely related, as are the populations of Santiago, Santa Cruz, and Pinzón. The population (based on host and D. regalis mitochondrial data) on Española is the most differentiated. This could warrant special consideration in a conservation management plan (Tye et al. 2002) . Genetic studies and distributions of other Galápagos taxa show a similar pattern of high endemism on Española (Finston & Peck 1997; Kizirian et al. 2004; Parent & Crespi 2006) . This is consistent with the fact that it is situated in the southeast of the archipelago and is the most windward of all the islands (Lea et al. 2006) . We suggest that conservation managers cautiously use D. regalis genetic data as an approximate management guide, along with direct information from the host (Bollmer et al. 2005 (Bollmer et al. , 2006 , if captive breeding or repatriation programs (e.g. Hofkin et al. 2003) become necessary in this declining species.
Although isolation of B. galapagoensis and D. regalis island populations appears clear, rare interisland movement of hawks has been documented using banded B. galapagoensis individuals and the VNTR and mitochondrial genotyping studies (Bollmer et al. 2005 (Bollmer et al. , 2006 . One D. regalis specimen from a territorial adult male hawk was sampled on Santiago, yet had the D. regalis haplotype common on birds sampled on Marchena (Fig. 1B,C) ; this was most likely the result of recent migration of D. regalis from Marchena to Santiago rather than the retention of an ancestral haplotype. Thus, parasite genotypes can provide an additional way to document rare dispersal or gene flow events. Some immature birds sampled on Santa Cruz were immigrants from neighbouring islands, based on genotyping studies (Bollmer et al. 2006) . Territorial adult hawks physically attack immature hawk individuals, and immatures also form social groups in which they interact physically. During such encounters, easily transmitted parasites (C. turbinatum and I. nigra) might move between hosts (McCoy et al. 2003) , and this may be exacerbated because immature hawks have significantly higher parasite abundances than territorial adult hawks (Whiteman & Parker 2004b) . The genetic patterns of C. turbinatum and I. nigra likely reflect the dispersal of their hawk hosts between islands and possibly the movements of other host species (see Whiteman & Parker 2004a) , although host-specific adaptations may constrain some ectoparasites from colonizing novel hosts (Balakrishnan & Sorenson 2007 ). An important caveat is that only a matrilineal marker was employed in each of the parasite species and these data reflect the history of the mitochondrial genome and not necessarily the species or populations. Further insight into the recent evolutionary histories of these parasites would be gained by using nuclear markers to complement the data presented above.
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